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Two astrocyte markers, the glial water channel aquaporin-4 (AQP4) and the glial ﬁbrillary
acidic protein (GFAP), have been implicated in several physiological and pathological
conditions in the central nervous system (CNS) as well as in blood–brain barrier break-
down (BBBb). By color segmentation the immunoreactivity of both proteins, we demon-
strate that the expression of AQP4 and GFAP was increased in the cerebellum of neonate
(14-day-old, P14) and adult (8-week-old) rats administered Phoneutria nigriventer spider
venom (PNV) known to cause perivascular edema, BBBb and convulsion. In the cerebel-
lum’s gray matter, PNV produced a major response, especially in the granular layer. Parallel
increases in AQP4 and GFAP expression occurred 24 h after envenomation in the white
matter of P14 and in the molecular layer of adults, as well as in the granular layer 2 h after
envenomation. In the Purkinje layer there was a tendency of increased AQP4, for both,
neonates (5 h), and adults (2 and 24 h). Moreover, PNV also provoked nonparallel upre-
gulation of both markers with prevalence of upregulation of AQP 4 for P14 rats, and GFAP
for adults. The major expression of both proteins was in the gray matter. The data indicates
a venom effect in water/electrolyte balance in the cerebellum and the participation of
AQP4 in these effects. Age-related and time-related regional differences probably reﬂect
speciﬁcity in AQP4 distribution in different astrocytic membrane domains as well as its
participation in Kþ buffering and neural activity. This study is the ﬁrst to associate
astrocytic AQP4 expression and reactive gliosis in a model of BBB permeability promoted
by P. nigriventer venom. Our data provide compelling evidence that AQP4 expression was
increased in the cerebellum of rats administered PNV.
 2013 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The Phoneutria nigriventer spider, popularly known as the
wandering armed spider or banana spider accounts for most
notiﬁed cases of accidents in Brazil. Themajority of accidents
only cause local edema and pain; less than 1% is consideredx: þ55 19 3289 3124.
uz Höﬂing).
lsevier OA license.severe (Bucaretchi et al., 2000). Patients severely enve-
nomed show tachycardia, hypertension, priapism, agitation,
blurred vision, convulsion, and in some cases pulmonary
edema and death. P. nigriventer venom (PNV) contains a
notable amount of biologically active peptides, most of
which are Naþ, Kþ and Ca2þ channel-acting neuropeptides
which affect neurotransmitter release (Fontana and Vital
Brazil, 1985; Love and Cruz-Höﬂing, 1986; Gomez et al.,
2002). In rats, the venom induces excitatory effects such as
intense salivation, lachrymation, piloerection, priapism,
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hindlimbs (Diniz,1963; Schenberg and Pereira Lima,1971; Le
Sueur et al., 2003; Rapôso et al., 2007; Mendonça et al.,
2012). Transmission electron microscopy has shown that
the venom can cause BBBb, evidenced by extravasation of
extracellular tracer from brain microvessels and the pres-
ence of perivascular edema and edematous electron lucent
endfeet of the perivascular astrocyte population (Le Sueur
et al., 2003, 2004; Rapôso et al., 2007). Swelling of astro-
cytic endfeet that follows BBB impairment may result from
osmotic imbalance and accumulation of ﬂuid into the brain
provoking edema. The regulation of water permeability
across the BBB is fundamental to maintain brain homeo-
stasis. Aquaporins (AQPs) are integral transmembrane pro-
teins whose arrangement form water-conducting pores and
play key roles in the water balance, thus being important in
clinical medicine (for review see Nico et al., 2002; Verkman
et al., 2006). The AQP4 isoform is greatly expressed in the
brain and is particularly abundant in the endfeet of astroglial
processes, where it occupies a polarized position facing the
endothelium of the BBB (Nicchia et al., 2004; Nielsen et al.,
1997; Xu et al., 2010). AQP4 occurs throughout the brain
especially at sites of ﬂuid transport such as along the pial
surface at the glia limitans, both outer and inner, and
ependymal cells (Verkman et al., 2006). In the cerebellum,
AQP4 was detected in the distal processes of the Bergmann
glia and in astrocytes around Purkinje and granular neurons
(Nico et al., 2001). The cerebellum, one of the targets of PNV,
coordinates motor activity and contributes to cognitive and
memory activities (see Strick et al., 2009 for review).
Astrocytes play a seminal role in the induction, devel-
opment and maintenance of the BBB integrity (Janzer and
Raff, 1987; Risau, 1992; Tao-Cheng et al., 1987), thus guar-
anteeing a proper brain environment for neuronal function.
Moreover, production of neural growth factors, metabolic
and nutritional supply, protection and elimination of xe-
nobiotics and maintenance of adequate ﬂuid and ionic
concentration are some of the multitude of functions
exhibited by astrocytes to provide proper neuronal activity.
The intimate contact of the perivascular endfeet and brain
capillary endothelia and the existence of dynamic
astrocyte-neuron bi-directional communication, estab-
lished through calcium signaling pathways (Araque et al.,
2001), give an idea of the strategic position that astro-
cytes occupy in brain events.
In this study our goal was to gain additional insights into
the mechanisms involved in the neurotoxicity induced by P.
nigriventer spider venom in the cerebellum. We tested the
hypothesis that the PNV induced BBB permeabilization and
the resulting perivascular edema may be associated with
modulation of astrocytic AQP4 expression and reactive glio-
sis. The expression of two astrocytemarkers, AQP4 andGFAP,
was investigated in the cerebellum of neonate (14 days) and
adult rats (8 weeks) administered P. nigriventer venom.
2. Materials and methods
2.1. Animals and venom
Male Wistar rats (Rattus norvegicus, 4-week-old) were
obtained from the University’s Multidisciplinary Center forBiological Investigation (CEMIB – Unicamp) and housed
under standard animal colony conditions, 5/cage at 24 C
on a 12 h light/dark cycle with lights on at 6 a.m. and with
free access to food and water until reaching 8 weeks old. At
least 24 h before the experiment, the animals were trans-
ported in their home cages from the animal colony to the
laboratory and allowed to habituate. Male Wistar rats on
post-natal day 14 (P14) were taken directly from CEMIB to
the laboratory and experiments were carried out the next
day. P. nigriventer spider venom (PNV) was supplied by the
Instituto Butantan (São Paulo, SP, Brazil) in the lyophilized
state and stored at 20 C until use.
2.2. Exposure to P. nigriventer spider venom
A sub-lethal 1.7 mg/kg venom concentration (0.5 ml)
was administered intra-peritoneally (i.p.) to P14 and adult
rats while control rats were given the same volume of
vehicle (0.9% sterile saline) (Mendonça et al., 2012). Ani-
mals were anesthetized with 2 mg/mg body weight of a 3:1
mixture of ketamine chloride (100 mg/kg body weigth,
Dopalen) and xylazine chloride (10 mg/kg body weight,
Anasedan) (both from Fortvale, Valinhos, SP, Brazil) and
euthanized at 2 h, 5 h and 24 h (n ¼ 5/time interval) after.
This study was approved by the institution’s Committee for
Ethics in Animal Use (CEUA-Unicamp, protocol no. 2405-1)
which follows the Brazilian Society for Laboratory Animal
Science (SBCAL) guidelines.
2.3. Immunohistochemistry
After anesthesia, the animals were perfused through the
left ventricle with physiological saline (150 ml) followed by
250ml of 4% paraformaldehyde in 0.1Mphosphate-buffered
saline (PBS), pH 7.4. Then cerebella were immediately
removed and post-ﬁxed in the same ﬁxative overnight. They
were then dehydrated through an ascending ethanol series,
cleared in xylene and embedded in parafﬁn (Paraplast,
Sigma Aldrich, St. Louis, MO, USA). Sections (5 mm thick)
were mounted onto subbed glass slides followed by a
process of dewaxing using xylene and ethanol baths.
Endogenous peroxidase was blocked by incubation with 3%
hydrogen peroxide-containing PBS (20 min). Antigen
epitope retrieval was performed by pre-treating the sections
with 10 mM citrate buffer, pH 6.0 at 95–99 C for 30 min.
Sections were immunostained using primary antibodies
against Aquaporin-4 (1:1000, rabbit polyclonal, Sigma–
Aldrich) and GFAP (1:100, rabbit polyclonal, Dako Cytoma-
tion, CA, USA) overnight at 4 C in a humidiﬁed chamber. The
next day (after 16–18 h incubation), slides were washed in
0.05 M PBS, and then incubated for 30 min with the sec-
ondary antibody (EnVision HRP link, Dako Cytomation).
Immunoreactivity was visualized as a brown color after
staining with diaminobenzidine (DAB) (Dako Cytomation).
Nuclei counterstaining was carried out with Harris’s hema-
toxylin; after dehydration the slides were mounted in Can-
ada balsam. For negative controls the primary antibody was
replaced with 1% PBS-bovine serum albumin (BSA). To
minimize rat-to-rat variability, all cerebella were processed
simultaneously aswere the immunohistochemistry of tissue
sections of controls and PNV-treated animals.
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Fifteen digital photomicrographs of the white matter,
granular, molecular and Purkinje layers (n ¼ 3/region) were
taken from control and PNV-treated animals per time in-
terval (n¼ 5/time interval) using the 20 objective under an
identical illumination setting. Images with a 200 ﬁnal
magniﬁcation were stored using a BX51Olympus light mi-
croscope (Japan). The quantiﬁcation of AQP4 and GFAP
immunolabeling was measured using the GIMP 2.6.4-GNU
Image Manipulation Program software (CNET Networks,
Inc. Australia) that converts the digitized images to grayscale
images (black and white) after color selection (Solomon,
2009). Fig. 1A and B illustrates the color segmentation
which allows the selective capture of the immunoreactive
sites against the desired antibody and measures their pixel
densities. Quantitative analysis was accomplished by calcu-
lating the percentage of pixels of the anti-AQP4 and anti-
GFAP in the white matter and granular, Purkinje and mo-
lecular layers of the cerebellar cortex separately.
2.5. Statistics
All numerical results were analyzed using the GraphPad
Prism software package (San Diego, CA, USA) and expressed
as the mean  standard error (S.E.). Differences between
data means of saline-treated and PNV-treated groups were
determined by the unpaired Student t-test with a p value
 0.05 indicating statistical signiﬁcance. Two-way analysis
of variance was used when appropriate to test age/tem-
poral differences in the response to venom effect.
3. Results
The AQP4 and GFAP immunoreactivity of astrocytes was
co-localized among the neuron bodies of the granular and
Purkinje layers and widespread throughout the width of the
molecular layer with the difference that the glial processes
appeared well-deﬁned in the anti-GFAP reaction. The anti-
AQP4 reaction, although strong, was more diffuse. In ani-
mals injected with PNV, there was gradual time-dependent
increase in the intensity of the immunolabeling in theFig. 1. Photomicrograph of the molecular layer (ML), Purkinje layer (PL) and gran
peritoneal injection of Phoneutria nigriventer venom. A. Immunohistochemistry
computer-treated in order to segment by color the immunoreactive sites of the prwhite matter and layers of the cerebellar cortex for both P14
and adults. Figs. 2–4 were chosen to illustrate the reaction
pattern at two time intervals (2 h and 24 h) for either P14
rats or adults; the ﬁgures also display the calculation of the
density of pixels relative to the immunoreaction intensity
throughout the period of observation.
3.1. White matter
3.1.1. Animals of both ages administered P. nigriventer venom
showed a gradual increase of AQP4 and GFAP expression in
astrocytes of the white matter
There is no signiﬁcant difference in the physiological
expression of AQP4 and GFAP in the white matter of adult
and P14 rats at the different time-points after saline solution
injection (Fig. 2C and F). However, rats administered PNV
showed a 103.8% increase of AQP4 expression in adult ani-
mals (*p  0.05) and a 77.5% (**p  0.01) in neonate animals
after 24 h (Fig. 2C). The venom also caused a 57.3% increase
in the GFAP expression after 24 h only in the astrocytes of
P14 animals (*p  0.05). Although not signiﬁcantly, AQP4
expression was 11%–20% higher in P14 PNV-treated animals
(ranging from 16.48  1.06 at 2 h to 27.73  2.57 at 24 h,
respectively) than in adult PNV-treated ones (where it
ranged from 13.68  2.03 at 2 h to 24.94  3.55 at 24 h,
respectively). In contrast, the values for GFAPwere in general
slightly higher for adults than for P14 animals.
The two-way analysis of variance showed that the time
elapsed between envenomation and animal euthanasia
interfered with the expression of AQP4 and GFAP in the
white matter of neonates and adults (*p 0.05). Also, there
was interference of the age variable in the expression of
AQP4 and GFAP at 24 h only.
3.2. Granular layer
3.2.1. P. nigriventer venom resulted in a time-dependent
increase in AQP4 upregulation for adults and a time-dependent
decrease in AQP4 upregulation for neonates. GFAP upregulation
gradually slowed down for P14 and adults
There is no signiﬁcant age-dependent difference in
the physiological expression of AQP4 and GFAP in theular layer (GL) of the cerebellar cortex of 8-week-old rats 24 h after intra-
of anti-GFAP in astrocytes shaded in brown; B. The same section was
otein by using GIMP 2.6.4. software. Bar ¼ 100 mm.
Fig. 2. Aquaporin-4 and GFAP expression in the cerebellum showing the white matter (WM) of rats aged 8 weeks and 14 days 2 h, 5 h and 24 h after saline or
venom administration. A and B: illustrative light micrographs showing anti-AQP4 labeling in neonate control (P14 WM 24 h C) and neonate PNV-treated rats (P14
WM 24 h PNV) after 24 h; C: histogram showing the density of pixels of AQP4 immunoreactive sites after color segmentation by the software GIMP 2.6.4. Arrows
point that AQP4 immunoreactivity is strongest in the white matter-granular layer interface (panel A) and around capillaries (panel B). D and E: illustrative
sections showing GFAP labeling; F: histogram showing the density of pixels of GFAP immunoreactive sites after color segmentation by the software GIMP 2.6.4.
Horizontal arrows point GFAP positive astrocyte cell bodies and vertical arrows point cell processes. Observe in C and F that there was a concomitant increase of
AQP4 (**p  0.01) and GFAP (*p  0.05) expression after 24 h of envenomation in P14 animals whereas in adults a signiﬁcant increase was seen only for AQP4 at
the same interval (*p  0.05). Values are the mean  S.E. of 15 images (three images of the WM per animal, n ¼ 5 animals/time-course) captured at random.
Student’s t-test (unpaired) was used to compare the values at each time point in controls and PNV-injected animals (adults and neonates). Bar ¼ 100 mm.
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points after saline solution injection (Fig. 2C and F).
However, envenomed neonate rats showed a 83.1% in-
crease in the water channel AQP4 expression at 2 h
(**p  0.01), a 58.8% increase at 5 h (**p  0.01) and a
23.5% non-signiﬁcant increase at 24 h indicating that
after an immediate rise the expression of AQP4 declined
with time toward baseline. On the other hand, relative to
controls PNV-administered adult rats showed a 59.8%
increase of AQP4 expression at 2 h (*p  0.05), 39.5% (not
signiﬁcant) at 5 h and 91.8% at 24 h (*p  0.05) indicating
a prolonged effect of PNV on the expression of the pro-
tein (Fig. 3C). GFAP expression showed no signiﬁcant
change in response to PNV in P14 animals; however, in
adult rats it induced a 71.2% increase at 2 h (***p  0.001)
and 33.5% at 5 h (*p  0.05) and was close to baseline at
24 h (Fig. 3F).
The two-way analysis of variance showed that with re-
gard to the granular layer the variable time after injection
interfered in the expression of AQP4 (***p  0.001) and
GFAP (***p  0.05) in neonates and AQP4 and GFAP
(***p  0.001) in adults. Also, there was interaction be-
tween the age variable and PNV treatment in the expres-
sion of AQP4 at 2 h (***p  0.001), 5 h (**p  0.01) and 24 h
(**p  0.01) and GFAP at all time intervals (**p  0.01;
*p  0.05; *p  0.05, respectively)..3.3. Molecular layer
3.3.1. The effect of P. nigriventer venom on the expression of
AQP4 in Bergmann glia cells was more prominent in neonate
rats than in adults whereas the expression of GFAP was more
prominent in adults than in neonates
The smallest value of AQP4 expression in Bergmann glia
cells for neonate was 15.73  2.61 and for adult rats was
16.39  1.62, whereas the highest value was 23.95  2.16
for neonates and 22.96  3.45 for adults (Fig. 4C). The
expression of GFAP was slightly higher in P14 animals than
in the adults ranging from 23.53  2.19 to 29.31  2.16 in
P14 and 20.23  1.51 to 23.83  2.46 in adults (Fig. 4F). The
effect of PNV on AQP4 expression was signiﬁcant only after
24 h when a 52% upregulation was found for Bergman
glia of 8-week-old rats (*p  0.05) (Fig. 4C). In contrast, in
14-day-old rats a 44.2% increase occurred earlier at 2 h
(*p 0.05), but its level did not differ from the control at 5 h
and then increased 101.6% at 24 h (*p  0.01) relative to the
baseline (Fig. 4C). GFAP expression showed no alteration in
P14, whereas it rose signiﬁcantly by 66.34% at 2 h
(***p  0.001), 51.11% at 5 h (**p  0.01) and 58.59 at 24 h
(**p  0.01) above baseline counterparts (Fig. 4F).
The two-way analysis of variance showed that the time
elapsed between envenomation and animal euthanasia
interfered with the expression of AQP4 in P14 (***p  0.001)
Fig. 3. Aquaporin-4 and GFAP expression in the cerebellum showing the granular layer (GL) of rats aged 8 weeks and 14 days 2 h, 5 h and 24 h after saline or
venom administration. A and B: illustrative light micrographs showing anti-aquaporin-4 (AQP4) labeling (arrows) in adult control (adult GL 2 h C) and adult PNV-
treated rats (adult GL 2 h PNV) after 2 h; C: histogram showing the density of pixels of AQP4 immunoreactive sites after color segmentation by the software GIMP
2.6.4. D and E: illustrative section showing GFAP labeling in cell bodies (panels D and E) and around microvessel wall (panel E); F: histogram showing the density
of pixels of GFAP immunoreactive sites after color segmentation by the software GIMP 2.6.4. Observe that in C and F that there were increases in AQP4 (*p  0.05)
and GFAP (**p  0.01) expression 24 h after envenomation in adult animals. On the other hand, PNV promoted increases of AQP4 at 2 (*p  0.05) and 24 h
(**p  0.01) after envenomation in P14 animals which was not followed by GFAP increment. Moreover, PNV increased GFAP expression in Bergmann glia cells
(astrogliosis) at all three time points examined in adult animals (*p  0.001; **p  0.01; ***p  0.01). Values are the mean  S.E. of 15 images (three images of the
GL per animal, n ¼ 5 animals/time-course) captured at random. Student’s t-test (unpaired) was used to compare the values at each time point in controls and
PNV-injected animals (adults and neonates). Bar ¼ 100 mm.
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acted with PNV treatment relative to AQP4 expression at
24 h (***p  0.001) and GFAP expression at 2 h (**p  0.01).3.4. Purkinje layer
3.4.1. P. nigriventer venom did not alter the expression of AQP4
in the Purkinje layer both in adults and neonates, but increased
GFAP at 24 h in neonates
Fig. 5 shows that comparison of aquaporin-4 expression
between control and PNV group, although no statistical
signiﬁcance was found, there was a tendency of increased
AQP4 expression, for both, neonates (5 h), and adults (2 and
24 h). Because of that, when comparing envenomed neo-
nates and envenomed adult rats there was a tendency in
decreasing the water channel protein expression only at
5 h. In contrast, PNV induced a 116.13% increase (*p  0.05)
in GFAP expression in astrocytes located in the Purkinje
layer (Fig. 5C).
The two-way analysis of variance showed that the
age variable of the animals interacts with the treatment
affecting the expression of GFAP after 24 h of envenomation.4. Discussion
One consequence of P. nigriventer experimental enven-
omation in rats is perivascular edema, swollen astrocyte
endfeet and extravasation of extracellular tracer (Le Sueur
et al., 2003; Rapôso et al., 2007). The conspicuous excyto-
toxic signs exhibited by animals and indicative of neuro-
toxicity course with enhanced vesicular transcellular
transport (Le Sueur et al., 2004) and displacement and
phosphorylation of tight and adhesion junctional proteins
engaged in the prevention of the paracellular transport
(Rapôso et al., 2012). Other consequences of PNV effects in
rats include astrogliosis, upregulation of GFAP, S100, and
nNOS proteins and TNF-a and IFN-g pro-inﬂammatory cy-
tokines in hippocampus and cerebellum implying reactive
involvement of these glial cells in the envenomation effects
and evidence of BBB violation (Cruz-Höﬂing et al., 2009). In
addition, PNV causes in vivo upregulation of the Poly-
glycoprotein (P-gp), which though transient, is followed
by upregulation (Rapôso et al., 2012). In primary culture of
cortical-derived astrocytes, the venom was shown to
inhibit the activity of the P-gp, a protein belonging to the
multidrug resistance (MDR) efﬂux transporter protein
Fig. 4. Aquaporin-4 and GFAP expression in the cerebellum showing the molecular layer (ML) of rats aged 8 weeks and 14 days 2 h, 5 h and 24 h after saline or
venom administration. A and B: illustrative light micrographs showing anti-water channel protein aquaporin-4 (AQP4) labeling (arrows) in adult control (adult
ML 24 h C) and adult PNV-treated rats (adult ML 24 h PNV) after 24 h; C: histogram showing the density of pixels of AQP4 immunoreactive sites after color
segmentation by the software GIMP 2.6.4. D and E: illustrative sections showing GFAP labeling in the processes of Bergmann glia organized in palisade (arrows);
F: histogram showing the density of pixels of GFAP immunoreactive sites after color segmentation by the software GIMP 2.6.4. Observe that there was a
concomitant increase of AQP4 (*p  0.05) and GFAP (***p  0.001) expression after 2 h of envenomation in adult animals. Moreover, PNV induced an increase of
GFAP at 5 h (*p 0.05) in adult animals and an increase of AQP4 after 2 and 5 h (*p  0.05) in P14. Values are the mean  S.E. of 15 images (three images of the ML
per animal, n ¼ 5 animals/time-course) captured at random. Student’s t-test (unpaired) was used to compare the values at each time point in controls and PNV-
injected animals (adults and neonates). Bar ¼ 100 mm.
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against potential risky compounds (Bodo et al., 2003;
Fromm, 2003). Herein, the P. nigriventer venom (PNV)
induced increased expression of AQP4 in astrocytes of the
cerebellum evidencing a novel role of the water channel
protein to counteract venom effects. Although generally
described as present in the astroglial foot processes facing
ﬂuid compartments, including the BBB, we found strong
AQP4 immunoreactivity in the interstices among the neu-
rons of the granular and Purkinje layers in addition to its
expression around microvessels. In the ML, the AQP4
expression appeared in tiny Bergman glia ramiﬁcations
across the layer width. There was no AQP4 expression by
neurons of the cerebellum cortex corroborating the view
that water homeostasis, and probably Kþ siphoning are
events selectively performed by astrocytes (Nico et al.,
2002; Verkman et al., 2006).
We found that the physiological AQP4 expression
showed a tendency to be higher in P14 animals than in
adults injected with saline. Our results contrast with a
previous study reporting that AQP4 expression in P14 post-
natal rats is 25% of the adult level (Wen et al., 1999).
However, in the study by Wen and collaborators the adult
rats were 14 weeks old (56 days), whereas in the currentstudy theywere 8 weeks old (32 days). In addition, here the
expression of the protein was assessed by measuring the
density of pixels of AQP4 immunoreactivity in astrocytes of
theWM, GL, PL andML in separate, whereas in the study by
Wen and co-workers (1999) AQP4 expression was evalu-
ated by immunoblotting of the membrane fraction of the
whole cerebellum. We attribute such discrepancies to dif-
ferences in the methodological design.
The P. nigriventer venom exposure caused differential
upregulation of the AQP4 in astrocytes, depending on the
region considered, the time after envenoming and the age
of animals. Soon after 2 h of envenomation AQP4 expres-
sion increased by 83% in the GL and 44% in ML of P14 an-
imals and 60% in GL of adults. These ﬁgures changed after
24 h to a 77.5% increase in astrocytes of the WM and 101.6%
in the ML of P14 rats and 103% in WM, 52% in ML and 91.8%
in the GL of 8-week-old rats. Under present experimental
condition, the two-way analysis of variance conﬁrmed that
the time after envenomation inﬂuenced strongly the
upregulation of the protein induced by PNV exposure,
which seems logical since the local venom concentration
probably decreased due to venom clearance from tissue.
The two-way analysis of variance also demonstrated that
animal age also inﬂuenced the region-related differences
Fig. 5. Aquaporin-4 and GFAP expression in the cerebellum showing the Purkinje layer (PL) of rats aged 8 weeks and 14 days 2 h, 5 h and 24 h after saline or
venom administration. A and B: illustrative light micrographs showing anti-water channel protein aquaporin-4 (AQP4) labeling in adult control (adult PL 24 h C)
and adult PNV-treated rats (adult PL 24 h PNV) after 24 h (arrows); C: histogram showing the density of pixels of AQP4 immunoreactive sites after color seg-
mentation by the software GIMP 2.6.4. D and E: P14 24 h C and P14 24 h C, respectively illustrates anti-GFAP labeling (arrows) in neonates controls and
envenomed after 24 h; F: histogram showing the density of pixels of GFAP immunoreactive sites after color segmentation by the software GIMP 2.6.4.
Bar ¼ 100 mm.
L.M. Stavale et al. / Toxicon 66 (2013) 37–46 43observed in the expression of AQP4 in the cerebellum in
response to PNV. We found that the PNV affected more
intensely AQP4 expression in the ML of P14 than in adults,
whereas the opposite occurred for the WM where the PNV
effect induced a stronger upregulation of AQP4 in adults
relative to P14. As shown, despite the preponderance of
increased AQP4 in astrocytes of the graymatter over those of
the white matter, the data suggest that the protein may be
mediating distinct events in the two compartments pro-
moting mainly Kþ buffering in the former and ﬂuid ho-
meostasis in the latter.
A plausible explanation for the regional differences
between white and gray matter in the expression of AQP4
in adult and P14 animals over time is to date unclear.
The white matter and gray matter contain two gross
populations of astrocytes which are distinct in their
morphology and functional characteristics. Protoplasmic
astrocytes conﬁned within the gray matter have profuse
and short branched processes which encase synaptic con-
tacts, which suggest that AQP4 in such astrocytes could
have a key role in neural activity. Fibrous astrocytes of the
white matter have fewer but lengthier, although less
ramiﬁed, processes whose distal endings establish close
contact with nodes of Ranvier of myelinated nerve ﬁbers(Wang and Bordey, 2008). In this case, the AQP4 would be
suggestively, but not exclusively, engaged in Naþ/Kþ pump
regulation. The distal endfeet of both types of astrocytes
shield the microvasculature of the BBB, hence the role of
AQP4 would be involved mainly in water balance (Nico
et al., 2002). Although it is reasonable to suggest that
regional speciﬁcities, both in terms of types of neuron/
astrocyte populations and neurochemical characteristics,
would underlie such regional differences, the fact is that
the present ﬁndings offer limited tools to substantiate such
a hypothesis.
The venom of P. nigriventer contains potent neurotoxic
peptides that interfere in the physiology of ion channels
and hence in the neurotransmitter uptake/release and
causes excitatory signals (Fontana and Vital Brazil, 1985;
Love and Cruz-Höﬂing, 1986; Gomez et al., 2002; Pinheiro
et al., 2006); PNV toxicity activates and delays the inacti-
vation of the TTX-sensitive voltage-gated Naþ channel,
blocks Kþ and Ca2þ channels and blocks glutamate exocy-
tosis but also inhibits glutamate uptake (Prado et al., 1996;
Mafra et al., 1999; Reis et al., 2000; Vieira et al., 2003).
Moreover, PNV causes neuroinﬂammation (Cruz-Höﬂing
et al., 2009) and activates neurons which express the pro-
tein Fos after activation of the oncogene cFos (Cruz-Höﬂing
L.M. Stavale et al. / Toxicon 66 (2013) 37–4644et al., 2007). Corroborating this view, we found changes in
the neuron electric activity of rats exposed to PNV and
inferred that Ca2þ-, Kþ- and Naþ-acting neuropeptides
present in the venom (Gomez et al., 2002) generated
neurotransmission disturbances which were registered in
the EEG recordings (Ferrari et al., 2010). All these effects are
consistent with neurochemical and metabolic changes in
the cerebellum microenvironment, so affecting basket cells
and stellate interneurons of theML, Purkinje neurons of the
PL and granule neurons and Golgi interneurons of the GL.
Likewise, these changes would affect the inputs of afferent
ﬁbers to the cerebellar cortex, i.e. the climbing and mossy
ﬁbers which enter across the granular layer to synapse to
Purkinje cells and granule cells (see Barlow, 2002). Alto-
gether, the ﬁndings of the present study provide compel-
ling evidence that PNV affects AQP4 expression. The
regional modulation would depend on the interaction be-
tween astrocytes and the neurochemical and structural
characteristic of the cerebellum at a given region.
A remarkable body of investigation has proven astro-
cytes as fundamental for neuronal activity (Kimelberg and
Nedergaard, 2010). Astrocytes are involved in the control of
brain homeostasis which involves reuptake of extracellular
Kþ and excitatory amino acids after neuronal activity,
calcium balance, neural growth factor production, devel-
opment and maintenance of the BBB, blood vessel perme-
ability, blood ﬂow, glucose supply and scar formation after
brain injury, and others. Aggression against the CNS pro-
motes an immediate reaction of astrocytes which may
proliferate and migrate to the injury site concomitant with
increased expression of the cytoskeletal GFAP protein.
These events named reactive astrogliosis can be considered
either neuroprotective (Li et al., 2008) or hazardous (Nair
et al., 2008) depending on whether the injury is transi-
tory and of low severity or is chronic and severe, respec-
tively. In the present study we found that increases in AQP4
expression paralleled with increases in GFAP expression,
with both proteins being expressed by astrocytes. Our
ﬁndings show synergistic increases in the expression of
GFAP and AQP4 in some regions depending on the time
course after envenomation. It was found that GFAP and
AQP4 increased in parallel in theWM of P14 animals and in
the ML of 8-week-old animals 24 h after envenoming (see
Figs. 2 and 3) and in the GL of 8-week-old PNV-treated
animals after 2 h (Fig. 4). At other time points there was a
nonparallel upregulation of either AQP4 or GFAP. PNV
induced upregulation of GFAP in protoplasmic astrocytes of
ML (named Bergmann glia) at all time-points and in the
velate protoplasmic astrocytes of GL at 2 and 5 h and in
astrocytes of PL of P14 rats at 24 h. As per AQP4, the in-
crease in GFAP expression was conﬁned to protoplasmic
astrocytes of the gray matter, except within the PL, in
adults. Considering that PNV effects are transient, do not
cause neuronal death and demyelination (Le Sueur et al.,
2003, 2004), we suggest that increases in GFAP expres-
sion here observed is a mechanism for neuroprotection
(Li et al., 2008). In this particular, the increased expression
of AQP4 in neonate rats without a concomitant increase in
that of GFAP could be a compensatory mechanism for
protection against PNV transient toxicity. Nevertheless, it
remains unclear why upregulation of GFAP paralleled withupregulation of AQP4 in the WM of neonates (24 h), in the
ML of adults (24 h) and in the GL of adults (2 h).
However, such ﬁndings are interesting, because it is
known that while only one or two processes of protoplas-
mic astrocytes have contact with microvessels or pia, the
vast majority of them are peri-synaptic, both in pre- and
post-synaptic compartments, and hence in close contact
with neuronal communication in the gray matter. Recent
reviews report that vascular and synaptic endfeet of as-
trocytes exhibit segregation of intramembranous proteins,
creating autonomous loci which contain different trans-
porters, channels, receptors, or different densities of them
(see Wang and Bordey, 2008; Kimelberg, 2010; Kimelberg
and Nedergaard, 2010 for review). This type of domain
organization of the glia membrane allows differential
dynamics in neural signal transduction, blood ﬂow and
ﬂuid homeostasis (Reichenbach et al., 2010). Whether the
differential modulation undergone by AQP4 and GFAP
throughout the cerebellar parenchyma here seen would be
associated with the compartment’s functional speciﬁcity in
relation to astrocyte:neural interactions and heterogeneity
of the types of neurons and astrocytes (Matyash and
Kettenmann, 2010) is unknown. Nevertheless, the com-
plex zonal/cellular arrangement of the cerebellum can
predict a nonhomogeneous cerebellum functionality with
regard towater handling, neural signal transduction and Kþ
siphoning which could also explain the differential
expression of AQP4 throughout the white and gray matter
in response to PNV. We suggest that pharmacologically
active components of PNV modify the functional expres-
sion of AQP4 and GFAP in a distinct manner in the different
cerebellum compartments examined based on the molec-
ular, cellular, neuroanatomical and neurochemical charac-
teristics of each at a given period of post-natal life
development.
5. Conclusions
Aquaporin-4 belongs to a family of integral channel
proteins that promote the transmembrane diffusion of
water through the cell membrane and which is particularly
concentrated in the endfeet of astrocytes. AQP4 is also
concentrated in astrocyte membrane contacting synaptic
sites where promotes potassium siphoning and normal
neuronal signal transduction. By removing Kþ excess from
the extracellular peri-synaptic sites, AQP4 acts as a buffer
thus avoiding excytotoxic activity of neurons. Astrocytes
are part of the glio-neural-vascular unit and hence function
as intermediaries between neurons and endothelial cells at
the BBB. Picomolar changes in the content of ions inside
and/or outside astrocytes are enough to induce important
changes in the neuronal activity. On the other hand, such
changes lead astrocytes to release neurotransmitters which
also affect neuronal activity. We suggest that the upregu-
lation of AQP4 is probably an intrinsic protective mecha-
nism triggered to mediate transcellular water movement
out of cerebellum in order to counteract perivascular
edema and swelling of astrocyte endfeet caused by P. nig-
riventer venom. The simultaneous reinforcement of astro-
cyte cytoskeleton promoted by upregulation of GFAPwould
be in line with protective mechanism to restore BBB
L.M. Stavale et al. / Toxicon 66 (2013) 37–46 45functionality impaired by PNV. Moreover, since PNV causes
excytotoxic signals in rats, AQP4 intense upregulation
around neurons of the cerebellar cortex may be a reactive
response of astrocytes against a probable increase in
glutamate and Kþ (Prado et al., 1996; Mafra et al., 1999; Reis
et al., 2000; Vieira et al., 2003) resulting from neuronal
activation by PNV (Cruz-Höﬂing et al., 2007) and changes in
the electric activity of neurons (Ferrari et al., 2010). Taken
together, the ﬁndings allow us to speculate that the upre-
gulation of AQP4 in response to PNV may represent the
involvement of this protein in neural signal transduction,
particularly in neurotransmitter and Kþ siphoning and
edema resolving thus with impact on the physiology of BBB
impairment caused by PNV.
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